Technical note on measuring run-off dynamics from pavements using a new device: the weighable tipping bucket by T. Nehls et al.
Hydrol. Earth Syst. Sci., 15, 1379–1386, 2011
www.hydrol-earth-syst-sci.net/15/1379/2011/
doi:10.5194/hess-15-1379-2011
© Author(s) 2011. CC Attribution 3.0 License.
Hydrology and
Earth System
Sciences
Technical note on measuring run-off dynamics from pavements
using a new device: the weighable tipping bucket
T. Nehls, Y. Nam Rim, and G. Wessolek
Technische Universitaet Berlin, Institute of Ecology, Chair for Soil Conservation, Ernst-Reuter-Platz 1,
10587 Berlin, Germany
Received: 22 September 2010 – Published in Hydrol. Earth Syst. Sci. Discuss.: 6 December 2010
Revised: 7 March 2011 – Accepted: 3 May 2011 – Published: 6 May 2011
Abstract. Due to climate change, cities need to adapt to
changing rainfall and rainwater run-off dynamics. In order
to develop an corresponding process based run-off model for
pavements, we had to improve the measurement technique to
detect run-off dynamics in an appropriate high resolution.
Traditional tipping buckets (TB) have a comparable low
volume resolution, capable to quantify the highest intensities
in a range of expected ﬂows. This results in varying tem-
poral resolutions for varying ﬂow intensities, especially in
low resolutions for small ﬂow events. Therefore, their ap-
plicability for run-off measurements and other hydrological
process studies is limited, especially when the dynamics of
both small and big ﬂow events shall be measured.
We improved a TB by coupling it to a balance and called it
weighable tipping bucket (WTB). This paper introduces the
device set up and the according data processing concept. The
improved volume and temporal resolution of the WTB are
demonstrated. AsystematicuncertaintyofTBmeasurements
compared to WTB measurements is calculated. The impact
of that increased resolution on our understanding of run-off
dynamics from paved urban soils are discussed, exemplary
for the run-off and the surface storage of a paved urban soil.
The study was conducted on a permeably paved lysimeter
situated in Berlin, Germany. Referring to the paved surface,
the TB has a resolution of 0.1mm, while the WTB has a
resolution of 0.001mm. The temporal resolution of the WTB
is 3s, the TB detects individual tippings with 0.4s between
them. Therefore, the data processing concept combines both
the beneﬁts of the balance to measure small intensities with
that of the TB to measure high ﬂow intensities.
During a ﬁve months period (July to November 2009) 154
rain events were detected. Accordingly, the TB and WTB
detected 47 and 121 run-off events. The total run-off was
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79.6mm measured by the WTB which was 11% higher than
detected by the TB. 95% of that difference can be appointed
to water, which evaporated from the TB. To derive a surface
storage estimation, we analyzed the WTB and TB data for
rain events without run-off. According to WTB data, the sur-
face storage of the permeable pavement is 1.7mm, while us-
ing TB data leads to an overestimation of 47% due to low
volume resolution of the TB.
Combining traditional TB with modern, fast, high reso-
lution digital balances offers the opportunity to upgrade ex-
isting TB systems in order to improve their volume detec-
tion limit and their temporal resolution, which is of great
advantage for the synchronization of water balance com-
ponent measurements and the investigation of hydrological
processes. Furthermore, we are able to quantify the uncer-
tainty of ﬂow measurements gained with traditional tipping
buckets.
1 Introduction
The urban water balance and its dynamics is not understood
completely (Ragab et al., 2003). Measuring run-off from per-
meable paved urban soils in a high temporal and quantitative
resolution is the prerequisite for the formulation of a process-
based run-off model. Such a model, based on meteorologi-
cal data and pavement characteristics would be capable to
predict changes in the urban run-off dynamics for changing
rain sum and intensity distribution due to climate change as
forecasted (Arnbjerg-Nielsen, 2006). Such models are there-
fore of interest for the development of climate change adap-
tation strategies for urban areas, such as drainage adjustment
(Arnbjerg-Nielsen and Fleischer, 2009; Faram et al., 2010),
use of run-off water for cooling by evapotranspiration (Gobel
et al., 2007b; Nakayama and Fujita, 2010) or risk assessment
for increased inﬁltration (Gobel et al., 2007a; Nehls et al.,
2008).
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1.1 Studying run-off from paved urban soils
In our study, the water balance of pavements is measured
using 1m2 weighable lysimeters (for details see Rim et al.,
2009). On those lysimeters, small rain events lead to small
absolute run-off ﬂows. However, these have to be detected.
For understanding theprocesses whichinﬂuence run-offgen-
eration from paved soil surfaces, small rain events are of the
same or even higher importance than storm events for two
reasons:
(i) Figure 1 demonstrates the long term precipitation event
sum distribution. It highlights the contribution of small
precipitation events to the cumulative sum of precipitation.
Similar, precipitation events with small intensities contribute
substantially to the total sum of precipitation. At the Station
Marienfelde 5%, 50% and 95% of the cumulative rainfall
are generated by rain fall events with intensities smaller than
0.0076, 0.0263 and 0.1886mmmin−1 respectively.
(ii) The run-off (RO) is a non-linear function of precipi-
tation sum (P) and intensity (Sen and Altunkaynak, 2006).
That means different run-off generation processes might be
of differing effectiveness for different rainfall sums and in-
tensities. Therefore, one needs to study run-off for small and
heavy rainfall events.
The processes to study include inﬁltration of rain water
into the soil through cracks and pavement joints, surface stor-
agedueto depletions inthereliefanddue toporosityofpave-
ment materials, evaporation of rain water from the surface
and run-off concentration, e.g. surface ﬂow dynamics. The
surface storage VS [mm] also named initial loss or rain loss
(Hino et al., 1988; Arnbjerg-Nielsen and Harremoes, 1996)
may have a great inﬂuence on run-off especially for small
rain events. A certain amount of the rain water can be stored
at the surface of the pavement and in the seam soil mate-
rial between the pavers (Nehls et al., 2006). As water can
evaporate from VS, it is important to quantify it (Mansell and
Rollet, 2009). The surface storage of pave stones can be eas-
ily measured for different rain intensities in the laboratory.
It should additionally be estimated for whole pavements, in-
cluding the storage capacities of the surface relief and the
seam soil material. It can be estimated from the mass in-
crease of a paved weighable lysimeter during a rain event
until run-off starts. However, this requires a mass detection
system for the lysimeter, which has a high mass and temporal
resolution. Wind, which accompanies rain events frequently
can disturb such measurements.
Alternatively, the surface storage can be gained from run-
off measurements for rain events with differing intensities
and rain sums. Because of the great importance of small
rain events and low intensity events, the measuring device
must be capable to quantify run-off events with very differ-
ing intensities, each with the appropriate temporal and vol-
ume resolution. For the detection of small ﬂow rates down
to 0.007mmmin−1 a bucket on a balance with a high res-
olution would be capable. However, the logger system and
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Fig. 1. Contribution of individual precipitation event sums (sep-
arated by a 10min dry period) to the cumulative sum of precip-
itation at the station Berlin-Marienfelde, 1961–1990 (solid line,
N=11363) and of the rain events during the observation period of
this study, 8 July to 30 November 2009 (dashed line, N=154). The
5%, 50% and 95% quantiles are marked for the period 1961–1990.
the balance must have a high mass and temporal resolution
and good shock absorption. The higher the resolution of a
balance, the smaller is its weighing range. In our case the
available balance has a range of 4000g. An according 4l
bucket would be ﬁlled after less than one average rain event,
assuming a run-off coefﬁcient of 1 and the rain distribution
from Fig. 1. So the use of a bucket would lead to high main-
tenance efforts, while a tipping bucket is self-emptying and
enables a continuously, low maintenance monitoring of run-
off events. Alternative ﬂow measurement techniques such as
venturi canals, rotameters or rotary piston meters work only
with completely ﬁlled tubes or ﬁlled ﬂow cross sections of
gutters thus would complicate the setup.
1.2 Tipping buckets in hydro-meteorological
instrumentation
The functional principle of tipping buckets (TB) is to count
how often the two buckets with known volume are ﬁlled and
self-emptied. It is known since the 1950ies and since then
often used in hydro-meteorological instrumentation such as
rain-gauges (W.M.O, 1961) or stem ﬂow meters (White and
Rhodes, 1970). Tippingbucketshavealsobeenregularlyem-
ployed for run-off measurements since the early 1960s (Pill-
bury et al., 1962; Edwards et al., 1974; Khan et al., 1997).
They are also used in wick samplers and lysimeters for the
measurement and sampling of seepage water and for multi-
compartment sampling (Meissner et al., 2010).
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TBs are robust, reasonably-priced devices for the discon-
tinuous detection of ﬂow events with a wide spectrum of
ﬂow intensities and a high temporal resolution for ﬂow in-
tensities which the bucket was dimensioned for (Habib et al.,
2001). During instrumentation of our lysimeters we became
aware that the traditional TB is not appropriate for a con-
stant, high temporal and volume resolution detection of run-
off with both very low and very high ﬂow intensities. In the
following it is explained why it is not suitable as it is and how
we improved the system.
1.3 Limited volume and temporal resolution of tipping
buckets
Before the ﬁrst tipping and after the last tipping, the TB de-
livers no information about the water level in the bucket and
about the current ﬂow into or out of the bucket. Therefore,
the TB is not appropriate to determine the accurate duration
of ﬂow events. There is no information on the real beginning
of the ﬂow event from the tipping signals, as the ﬁrst drops
of the event must not lead to a tipping signal (even if the ﬁrst
drop would lead to a tipping, we would not know that it was
the ﬁrst drop). Also, there is no information about the water
left in the bucket from the previous ﬂow event(s).
Similar, the time of the end of a ﬂow event cannot be deter-
mined exactly, because it is not known when the ﬂow stopped
unlessthelastdropcausedatipping(andalsothenwecannot
know that it was the last drop).
The problem of incorrect ﬂow event durations gets more
important with decreasing ﬂow intensities for a given bucket
volume. If ﬂow event sums are smaller than the bucket vol-
ume, individual ﬂow events are no longer detectable.
The starting point of a ﬂow event can be extrapolated from
the behavior of the ﬂow during the reliable TB measuring
period, especially when the rise of the ﬂow intensity at the
beginning of the event is very steep. However, this is already
interpretation of measured data and not measuring.
The TB are usually dimensioned to detect the highest of
an expected range of ﬂow intensities. This is done by choos-
ing the bucket size according to the expected ﬂow rate and
the maximum possible tipping frequency. Then, TBs pro-
vide proper information especially during high ﬂow events,
after the ﬁrst tipping and before the last tipping of the buck-
ets. This duration is the “reliable TB measurement period”.
Because of the distinct volume of the bucket, low ﬂow in-
tensities lead to low temporal resolutions, high ﬂow intensi-
ties lead to high temporal resolutions. The problem of the re-
sulting high measurement uncertainties are discussed by Yu
et al. (1997). As a wide range of ﬂow intensities must be
detected and small event intensities are of the same interest
as great events, TBs are inappropriate measuring devices in
terms of temporal resolution.
Also, different ﬂow events can not be detected with an ad-
equate, a priori chosen temporal resolution. This is a dis-
advantage of the TBs concerning the harmonization of mea-
surements of different water balance elements in the same
catchment. The bucket volume could be decreased to in-
crease the resolution for small events but that would decrease
the maximum detectable ﬂow rate of the TB. Also, the ﬁlling
of the bucket needs to be sufﬁciently long compared to the
duration of a complete tipping (Yu et al., 1997). Otherwise,
the TB just runs over without quantiﬁcation of the ﬂow.
It can be argued, that the balance for the TB itself is closed
over long periods. Water, which is left in the bucket after
an event will add to the next event. With that argument,
TBs have been employed for run-off studies aiming at the
measurement of annual mean run-off amounts for paved ur-
ban soils (Wessolek and Facklam, 1997; Wessolek et al.,
2008). In systems, where the tipping bucket can not be sealed
against the atmosphere, as in our setup, water could be lost
from the bucket due to evaporation. Even small evaporated
amounts may then sum up to substantial losses at the end of
the observation period.
The traditional TB had to be improved to be applicable
for our studies of run-off generation and run-off dynamics
from paved urban soils. The volume resolution, given by
the bucket size of the TB had to be improved substantially,
without decreasing the capacity to detect high ﬂow events.
By increasing the volume resolution, the temporal resolution
would be increased.
1.4 Aims of the paper
This paper (i) introduces the weighable tipping bucket, WTB
(see Sect. 2.2) and (ii) a concept how to process WTB data
(see Sect. 2.3). We demonstrate, how the (iii) volume (see
Sect. 3.1) and temporal resolution (see Sect. 3.3) of the tra-
ditional TB have been improved, and quantify the systematic
uncertainty of the TB compared to the WTB (see Sect. 3.2).
It is then demonstrated exemplary, how the improved reso-
lution of the WTB changes the quantiﬁcation of (iv) the run-
off sum for a certain period of time (see Sect. 3.4) as well as
for (v) the surface storage capacity, VS (see Sect. 3.5).
2 Material and methods
2.1 Experimental site
The study has been conducted on a permeably paved lysime-
ter in Berlin-Marienfelde, Germany. The mean annual tem-
perature (1961–1990) at the station is 8.9 ◦C, the mean an-
nual precipitation (1961–1990) is 536mm and the mean
potential evapotranspiration is 361mm (Senstadt Berlin,
2001). A lysimeter with a 1m2 surface has been perme-
ably paved with concrete pavers (Rim et al., 2009). They
are 0.4×0.4×0.05m in size and the pavement has a seam
portion of 10% which was estimated from photos of the
surface using a digital image analysis method described in
Rim (2008). Around the permeably sealed surface, there is
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a gutter system, which leads the run-off into the lysimeter
basement, where it is detected by the TB.
During the observation period 8 July to 1 December 2009,
154 rain events (each separated by a 10min dry period) took
place. The precipitation was measured using a Hellmann
rain-gauge. The corresponding run-off events were detected
with the traditional TB and the new WTB system introduced
in the following.
2.2 Introduction of the weighable tipping bucket
In the lysimeter basement, the run-off water is collected by
a tipping bucket (Pulsameter MC 1, UP Umweltanalytische
ProdukteGmbH,Cottbus, Germany)withabucketvolumeof
0.1l which equals 0.1mm of run-off from the paved surface.
During calibration the average of the two bucket volumes
( ¯ VB) was measured to be 0.098l (standard error=0.002l).
The TB has been coupled to a digital balance (Acculab
VIC-4KG, Sartorius AG, Goettingen, Germany) with a res-
olution of 1g. The TB is mounted at the end of a leverage
with the length l1, which is pivoted at the other end (Fig. 2).
At the distance l2 =0.51×l1, a screw transmits the force to
the digital balance. The distance l2 was estimated during cal-
ibration of the balance system using 100g standard weights.
The calibration of the balance has been repeated at the end
of the measuring period. The drift of the balance has been
lower than 1g. However, we take twice the resolution of the
balance as its detection limit.
The screw connects the balance to the leverage and allows
to adjust the TB horizontally, which is a prerequisite for the
proper working of it. Due to the leverage effect, the accuracy
of the whole WTB system is Vmin ≈0.001l.
BoththesignalsfromtheTBandtheWTBarerecordedby
data loggers. The temporal resolution of the TB varies with
the run-off intensity, the maximum ﬂow intensity detectable
by the TB is 15mmmin−1. Due to some technical reasons in
our individual case the temporal resolution of the data logger
connected to the balance is 3s.
2.3 WTB data processing concept
Due to the leverage effect, the detected torques processed
and stored as masses by the digital balance were multiplied
by 0.51 and divided by the water density of 1gcm−3 to get
the water volume in the tipping bucket. The TB signals are
processed as follows: the ﬁrst tipping is accounted 0.5 ¯ VB,
every following tipping is accounted ¯ VB. After the last tip-
ping, another 0.5 ¯ VB is added to the sum of tippings before.
That evenly distributes the water left in the bucket after the
last tipping of an event and the water collected before the ﬁrst
tipping of the subsequent event to all of the individual events.
The sum of the run-off event measured by the TB (ROTB)
is therefore:
ROTB =
n ¯ VB
A
(n∈N) [mm] (1)
Fig. 2. Diagram of the weighable tipping bucket system. The blue
arrow indicates the way the water has to go when leaving the (a) tip-
ping bucket and (b) the box. The other parts of the set-up are (c) the
leverconnectedtothebalancebyascrew, (d)thebalanceand(e)the
pivot.
with n the number of tippings, ¯ VB the bucket volume [l] and
A [m2] the paved surface area.
The WTB data is processed as follows: the volume of wa-
ter collected before the ﬁrst tipping (VFT) is calculated as
difference between the volume before the beginning of run-
off and the highest volume detected. The volume of water
collected after the last tipping of an event (VLT) is calculated
as the difference between the lowest volume of the tipping
bucket and the volume at the end of the event.
The beginning of the event is identiﬁed as follows: if the
subsequent run-off has completely ﬁnished, it is the ﬁrst pos-
itive mass change detected by the balance after a long period
of no changes or decreasing water volumes due to evapora-
tion. If the subsequent rain event is over, but the run-off is
still collected, the two rain events and the according run-off
events cannot be separated and are processed as one event.
When the rain is over and the run-off from the surface
also stopped, the WTB can still collect water. Such water
is rather the draining of the gutter system than run-off. In
general, the end of the run-off from an investigated surface
might be different from the time when the last drop entered
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the WTB. In our case, artifacts are caused by the metal gutter
and the 1.5m metal pipe leading the water to the WTB in the
lysimeter basement. We observed the run-off from the sur-
face stopping after about 10 min, but the last drop entering
the WTB after 30min. This delay is due to the water which
wet the gutter is slowly running out of the pipe after surface
run-off stopped, leading to a very long tailing of the run-off
curve (Fig. 3). To retrospectively identify the end of the sur-
face run-off from the WTB data, we used the time, when
the ﬂow rate was less than 0.002lmin−1. This criterion is
conceived based on our observations in our individual gutter
system and is therefore applicable only for our experiments.
Other criterions are possible, such as the time when 95% of
run-off entered the WTB. However, water with a ﬂow rate
<0.002lmin−1 is still accounted to the sum of run-off, but
does no longer count in terms of run-off duration.
After the ﬁrst tipping every tipping is accounted with ¯ VB
[l]. The sum of the run-off event measured by the WTB
ROWTB is therefore:
ROWTB =



VFT
A for n=0
(n−1) ¯ VB+VFT+VLT
A for n≥1, n∈N
[mm] (2)
with VFT [l] the volume of water collected before the ﬁrst
tipping and VLT [l] the volume of water collected after the
last tipping of an event.
The run-off sum for the observation period was calculated
as the sum of the individual events both for TB and WTB
data according to Eqs. 1 and 2. The surface storage VS was
estimated by the maximum rain event sum, at which no run-
off was detected, both using TB and WTB data.
3 Results and discussion
3.1 Increased volume resolution of surface run-off
measurements using the WTB
The run-off generation from the permeably paved lysime-
ter surface has been studied using and comparing the data
gained from the TB and the WTB. Exemplary, one single
run-off event at the 3 September 2009 is shown in Fig. 3 and
discussed in the following. The rain event started at 10:42
lasted for 33min and had a sum of 1.2mm. For the current
RO event, the TB tipped ﬁve times and a run-off of 0.5mm
and 0.45mm was detected by the TB and the WTB respec-
tively. Note that from 10:43 until 11:03 the amount of 0.004l
entered the WTB. This water has been left in the gutter sys-
tem from the subsequent rain event which ended 9:45 and
was also accounted to the subsequent RO event.
The absolute difference ROWTB − ROTB is −0.05mm.
The relative difference U (Eq. 3) is −10%, while the maxi-
mum difference would be −17% (see Eq. 4).
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Fig. 3. Run-off event from concrete pavement at the 3 Septem-
ber 2009 in Berlin-Marienfelde, Germany. The run-off event was
studied using the weighable tipping bucket. Indicated are the ﬁlled
bucket volumes at the beginning (VFT) and at the end of the run-off
event (VLT) as well as the beginning (BP) and the end (EP) of the
precipitation event.
That underlines the great advantage of the WTB system
and gives an impression of the reliability of measurements
with solely the TB.
In Fig. 3 the water volumes for the maximum ﬁlled and the
empty buckets vary. This might be due to differing volumes
for the left and the right buckets, as this has been estimated
during calibration of the system. While the left bucket vol-
ume is 0.1029l, the right bucket only ﬁlls up to 0.0955l until
tipping, resulting in a ¯ VB of 0.0987l. However, this effect is
not the only reason, as the volumes of water at tippings are
not reproducible.
Furthermore, other effects are responsible: (i) water needs
some time to ﬂow out of the TB box, which is indicated
in Fig. 2. In the mean time, water enters the TB box from
above. Thus, the WTB detects water, entering and leaving
the TB box in the same time step. The resulting uncertainty
is proportional to the ﬂow intensity. Consequently, the bal-
ance detected the lowest weight for the empty bucket and one
of the highest weights for the full bucket, when the ﬂow in-
tensity was the smallest at the end of the run-off event shown
in Figs. 3 and 4.
The different maximum and minimum bucket weights are
also (ii) an artifact of the 3s measuring interval of the bal-
ance. For the run-off event at the 3 September 2009 men-
tioned above we calculated a ﬂow rate of 3.3×10−3 ls−1 for
the interval between the ﬁrst and the second tipping of the
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Fig. 4. Run-off event from concrete pavers at the 3rd of September
2009 in Berlin-Marienfelde. The dynamics were studied using the
traditional tipping bucket (TB) signals compared to the weighable
tipping bucket (WTB) data. BTB, BWTB and ETB EWTB indicate
the beginning and the end of the run-off event as detected by the
tipping bucket and the weighable tipping bucket, respectively. Note,
that the time axis is interrupted and scaled differently.
TB. That results in an uncertainty of ≈0.01l for the maxi-
mum and minimum ﬁlling of the TB at this ﬂow rate and the
given temporal resolution of the digital balance.
Because of (i) and (ii), the run-off is calculated from the
tipping signals instead of the balance data between the ﬁrst
and the last tipping of the bucket (see Eq. 2).
Furthermore, (iii) the buckets of the TB spin along the
leverage and not perpendicular to it. For technical reasons
in our individual case, it was not possible to mount the tip-
ping bucket in a different way. That means, similarly ﬁlled
buckets would lead to different weights detected by the bal-
ance due to the different torques. The two buckets have the
leverage factors: 0.50 for the shorter lever and 0.52 for the
longer lever. However the bucket volumes were calculated
using the average factor of 0.51 for the ﬁrst approximation.
3.2 Systematic uncertainty of TB compared to WTB
While the discrepancy between run-off measurement by TB
and WTB can be high for a single event, it will be smaller
after a long observation period with a high number of tip-
pings as then, the relative contribution of the ﬁrst and the last
tipping to the sum of tippings decreases.
In the following, the maximum relative difference between
WTB and TB (Umax) for a certain number of TB-tippings is
calculated. We consider the WTB data to be more precise
than the TB data for the following reasons: The WTB system
uses the same tipping information as the TB but also deliv-
ers information about the water ﬂow in periods between two
tippings. In this periods the WTB has the 100 times higher
volume resolution compared to the TB. A testing of the as-
sumption of the higher precision of the WTB in a physical
experiment is hardly possible. First, the device is compared
to exactly itself. Any test of the weighing function of the
WTB must be based on the quantiﬁcation of a water ﬂow
which would only be possible with another balance, as mass
and time are the basic physical measurements. In such a test
one balance signal would just be compared to another bal-
ance signal.
The relative detection limit of the digital balance com-
pared to the bucket (x) can be expressed as x = Vmin/ ¯ VB.
With Vmin =0.001l and ¯ VB =0.1l x equals 0.01.
Generally, ROWTB can be higher or lower than ROTB lead-
ing to positive or negative differences. In case of the max-
imum positive difference ROWTB −ROTB the bucket is al-
most empty (=0.001l) at the beginning of the event and is
left almost ﬁlled (=0.099l) at the end (then, Umax → max
for (VFT+VLT)→2(VB−xVB)). In case of the maximum
negative difference, the bucket is almost full at the beginning
of the event (=0.099l) but left almost empty (=0.001l) at the
end (then, Umax →min for (VFT+VLT)→2xVB).
Substituting
Umax =
ROWTB−ROTB
ROWTB
×100% (3)
with Eqs. (1) and (2) for VFT +VLT → 2xVB and VFT +
VLT →2(VB−xVB) reveals:
−1+2x
n−1+2x
×100% ≤ Umax ≤
1−2x
n+1−2x
×100% (4)
From Eq. 4 one can learn that the maximum systematic
uncertainty is highest for small run-off volumes leading to
no or only a small number of tippings. |Umax| is lower than
5% and 1% for 21 and 99 tippings which equals a run off of
2.1mm and 9.8mm. The rain distribution in Fig. 1 demon-
strates that uncertainties higher than 5% must be assumed at
least for 28% of all rain events (assuming a linear RC of 1)
when a TB is used for measurements. However, we know
that RC is not linear for different rain intensities and that due
to evaporation of rain water from the surface and inﬁltration
higher maximum systematic uncertainties must be assumed
for the quantiles mentioned above.
3.3 Increased temporal resolution of run-off
measurements using the WTB
Employing WTBs instead of TB increases the temporal reso-
lution of the run-off observation. The rain event at 3 Septem-
ber 2009 started at 10:42a.m., lasted for 33min and had a
sum of 1.2mm (Fig. 3). The according run-off event lasted
from 11:03:01a.m. until 11:33a.m. as detected by the WTB,
but only from 11:03:13a.m. until 11:13a.m. as detected by
the TB (Fig. 4).
Although depending on the water level in the bucket, the
starting times of run-off events detected by TB and WTB
might be close. This is due to the steep increase of the run-
off intensity at the beginning of the event. At the end of the
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run-off event, the ﬂow intensity tails out slowly. From the TB
data, the run-off already stopped before the end of the rain.
That is not impossible. It could be explained by processes
like evaporation or inﬁltration. The low volume resolution
of the system leads to a very low temporal resolution. In
contrast, the WTB can detect the end of the run-off event
much better due to its increased volume resolution and the
constant high temporal resolution.
That has important consequences for the measurement of
run-off dynamics, e.g. the run-off concentration time (tc).
Measuring with the TB, for a given rain intensity and a given
moisture content in the pavement, tc depends on pavement
characteristics such as VS, rain intensity and other climatic
conditions but also on the level of water in the bucket, left
from the last event. Measuring with the WTB in contrast,
detects a tc which is almost only depending on pavement,
rain intensity and the climatic characteristics.
3.4 Run-off sum for the ﬁve months period
During the observation period 8 July until 1 December 2009,
the TB detected a total of 71.6mm while the WTB detected
79.6mm. The difference is equal to 11% of the total run-off
detected by the TB. Up to 95% of the difference can be ex-
plained by evaporation losses from the TB. During the mea-
surement period, a quantity of 7.6l evaporated from the TB,
as calculated from weight losses of the WTB in periods be-
tween run-off events.
In this study, not the sum of run-off after a long period
but the individual run-off events were of interest, especially
those caused by small rain events. In the observation period,
the rain-gauge detected 154 rainfall events, leading to 121
and 47 run-off events detected by the WTB and TB respec-
tively. The higher resolution of the WTB compared to the
TB leads to more observations and will lead to a different
description of run-off processes.
This is shown by the following example: Although the RC
is not constant for different precipitation events one can cal-
culate an average run-off coefﬁcient (RC) and its standard
deviation (SD) for the detected RO events, just in order to
comparethedatasets: ¯ RCTB is0.38(SD=0.21, N=47)while
¯ RCWTB is only 0.10 (SD=0.23, N=121) for events detected
by the WTB. Using TB-data would overestimate the run-off
formation compared to WTB-data. Additionally, WTB-data
has higher variation than TB-data, thus the ﬁrst delivers more
comprehensive information for process studies than the lat-
ter.
3.5 Estimation of initial loss for paved surfaces from
run-off measurements
As not all rain events lead to run-off, there must be a retain-
ment of water on or in the pavers. It is not the goal of this
paper to study this topic in detail, but we can show that the
magnitude of VS strongly depends on the volume resolution
of the measuring device.
According to our hypothesis, the storage VS is the sum of
free water retained at the surface of pavers in its micro relief
(VR), the air ﬁlled pore volume of porous pavers (VP) and the
airﬁlledporevolumeoftheseammaterialandtheunderlying
soil VSM.
VS =VR+VP+VSM [mm] (5)
VS is a function of the initial water content and a mate-
rial and design characteristic of the pavers and the pavement
system as well as a function of the pore system properties
of seam material and the underlying soil. First estimations
of the maximum VSmax can be derived from the maximum
rain events which did not lead to run-off. Analyzing the TB
data, VSmax is then 2.5mm but only 1.7mm using WTB data.
So the lower volume resolution of the TB would lead to an
overestimation of the initial loss of 47%. That would in turn
lead to a underestimation of run-off in process based models,
which consider such initial loss.
4 Conclusions
The analysis of run-off events detected by traditional tipping
buckets can be substantially improved by the information
about water levels in the tipping buckets between two tip-
pings by weighing the whole TB system. Additionally, the
volume and the temporal resolution of a traditional TB are
enhanced, which decreases the systematic uncertainty of the
measurements. This enables us to very precisely describe the
ﬂow dynamics and to synchronize ﬂow measurements to the
constantly timed measurements of other water balance com-
ponents e.g. in high resolution lysimeter studies.
The already existing TB system was not substituted but
enhanced. That offers excellent potential to upgrade existing
TB systems in order to improve their volume detection limit
and their temporal resolution. So, it is also possible to ret-
rospectively calibrate already installed tipping buckets, that
means to quantify their uncertainty. The balance also offers
the option to monitor the performance of the tipping counter.
This applies for run-off studies for both paved and open soil
surfacesbutalsoforseepagedetectioninlysimetersandwick
samplers respectively for all ﬂow measurements.
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